Selective breeding produced four replicate lines of high-runner (HR) mice that run on wheels for approximately 2.7 times more revolutions per day than four unselected control lines. Previous studies found that HR mice of both sexes have lower body fat (isotope dilution at 15 wk of age) and that males (females not studied) have smaller retroperitoneal fat pads (17 wk). HR mice also exhibit elevated plasma corticosterone and insulin-stimulated glucose uptake by some hindlimb muscles but apparently do not differ in circulating insulin or glucose levels (males at 18 wk). Given their lower body fat and higher activity levels, we hypothesized that HR mice would have lower circulating leptin levels than controls. Female mice were given wheel access for 6 d at 7 wk of age, as part of the routine wheel testing for the selective breeding protocol, and then were killed after one additional week without wheels to reduce possible acute effects of activity on leptin. As hypothesized, serum leptin levels were significantly lower in HR mice. ANCOVA indicated that leptin was strongly positively correlated with both total body fat (measured by ether extraction) and body mass change from weaning, but HR mice still had significantly lower adjusted leptin levels (ANCOVA). Within HR lines but not within control lines, individual variation in leptin levels was negatively correlated with amount or speed of wheel running measured a week before being killed. Growth from weaning to euthanasia and body dry mass were lower in HR mice than in controls, but absolute dry masses of the ventricles, liver, gut, and uterus plus ovaries did not significantly differ, nor did percentage of the total dry mass as fat. HR mice offer a novel model for studying the causes and consequences of physiologically relevant variations in serum leptin.
Introduction
Natural selection and sexual selection typically act most strongly on phenotypes at relatively high levels of biological organization, including life-history components, behavior, and organismal performance abilities (e.g., see Fig. 1 in Garland and Kelly 2006) . The evolutionary response to selection on such complex phenotypes will necessarily involve changes in multifarious lower-level (subordinate) traits (Swallow and Garland 2005) , potentially including phenotypic plasticity at various levels . Endocrine axes may play a crucial role in the evolution of complex traits because they can affect and potentially integrate numerous aspects of development, life history, physiology, neurobiology, and behavior (e.g., see Zera and Harshman 2001; Sinervo and Calsbeek 2003; Ketterson et al. 2005) . Nevertheless, relatively few vertebrate selection experiments have examined correlated responses in endocrine traits. In one striking example, Bünger et al. (1999) reported that the correlated response of circulating leptin levels to bidirectional selection for fatness in mice (60-340-fold) was much greater than the direct response (five-or sixfold).
Leptin, the 16-kDa protein hormone product of the ob (Lep) gene first discovered in 1994 (Zhang et al. 1994) , plays an important role in regulation of body mass, energy balance, and possibly activity level (Bouassida et al. 2006) . Ob/ob mice, which carry a spontaneous mutation in the leptin gene and lack the leptin gene product, are characterized by hyperphagia and morbid obesity, as well as reduced physical activity. Adipose tissue is the major site of leptin production. Leptin circulates in plasma at concentrations proportional to the number and size of adipocytes in mice (Frederich et al. 1995) , rats (Roberts et al. 2002) , cattle (Geary et al. 2001) , and humans (Considine et al. 1996) . Leptin messenger RNA (mRNA) expression in adipose tissue is also proportional to fat cell size in mice , steers (Yang et al. 2003) , and humans (Considine et al. 1996) . Exogenous administration of leptin to ob/ob mice caused an increase in activity levels, along with a rapid reduction in food intake and body fat (Pelleymounter et al. 1995) , leading to early speculation that leptin functioned primarily as a lipostatic signal to the central nervous system (CNS) to inhibit food intake as adipose mass increased .
Recent evidence demonstrates that the role of leptin is substantially more complex than was originally appreciated (e.g., see Ahima et al. 2000; Popovic and Dunlas 2005; Bouassida et al. 2006; Karsenty 2006) . Leptin expression has been found in several nonadipose tissues (including stomach, muscle, and placenta), and leptin receptors have been identified in both the CNS and such peripheral tissues as skeletal muscle, liver, pancreas, and adipose tissues (Muoio and Lynis Dohm 2002) . Leptin is now known to affect a wide range of processes, including food intake, locomotor activity (Ahima et al. 1999) , conception and lactation (Malik et al. 2001) , glucose utilization (Harris 1998) , bone formation (Elefteriou et al. 2004; Karsenty 2006) , stress responses (Salzmann et al. 2004) , and immune function (Siegmund et al. 2004) .
We argue that most existing models for the study of voluntary exercise, obesity, and physiologically relevant variations in leptin are limited and that the relevance of existing models for understanding the evolutionary role of leptin is even more tenuous. Leptin replacement or addition inadequately simulates changes in leptin levels that are associated with exercise, obesity, or disease because it often induces leptin levels outside the physiologically relevant range of variation. Recombinant leptin is available for several model species, including mice (Barrachina et al. 1997) , rats (Park et al. 2001; Crowley et al. 2004) , dogs (Iwase et al. 2000) , pigs (Ramsay et al. 1998) , and cows (Raver et al. 2000) , and can be administered to mimic high plasma levels associated with obesity. However, the temporal pattern of leptin secretion is difficult to replicate. In vivo, leptin is secreted in pulses, peaking at night in both mice and humans (Licinio et al. 1998; Jeong et al. 2004) . In women, changes in plasma leptin are related to levels of luteinizing hormone and are associated with variations in estradiol (Licinio et al. 1998) . A model with physiologically relevant variation and pulsatility in leptin levels in the absence of gene and receptor mutations would be an important addition to the study of hormone function in whole organisms.
We suggest that the classical genetic technique of selective breeding can provide good models to study both the physiological and the evolutionary roles of leptin. For example, as noted above, Bünger et al. (1999) reported that lines of mice selectively bred for either high or low body fat also showed large differences in circulating leptin levels in comparison with each other and with a control line that showed intermediate leptin levels. They also noted (p. 43) a major discrepancy between their results and the known effects of administering exogenous leptin: "administration of exogenous leptin to increase circulating levels leads to a reduction in obesity; whereas our results suggest that effective selection for leanness would be by selecting to decrease levels of endogenous circulating leptin!"
The purposes of this study were to determine whether circulating leptin levels have been altered in mice selectively bred for high voluntary wheel-running activity and, secondarily, to consider the utility of these lines to serve as a novel model for study of the physiological effects of leptin. Thirty-one generations of artificial selection for voluntary running on wheels has produced four replicate lines of high-runner (HR) mice that run about 2.7 times more revolutions per day than the four replicate control (unselected) lines (Swallow et al. 1998; Rhodes et al. 2005) . The HR lines exhibit a variety of apparent adaptations for sustained aerobic exercise, including elevated maximal oxygen consumption during forced treadmill exercise (Swallow et al. 1998; Rezende et al. 2006a Rezende et al. , 2006b , increased insulin-stimulated glucose uptake by some hindlimb muscles (Dumke et al. 2001 ), more-symmetrical hindlimb bones (Garland and Freeman 2005) , larger femoral heads, and thicker hindlimb bones . HR mice also consume more food, even when housed without wheel access , and have reduced body mass (Swallow et al. 1999 Dumke et al. 2001) , less body fat (by isotope dilution; Swallow et al. 2001) , and lower relative retroperitoneal fat pad weight (by dissection in males; Dumke et al. 2001 ), compared with controls. In addition, HR mice exhibit elevated plasma corticosterone levels (Girard and Garland 2002; Malisch et al. 2007) . The elevated corticosterone levels may represent an adaptation that helps support sustained locomotor activity, via mobilization of energy reserves, but it may also be causally related to the lower growth rates and smaller body sizes of HR mice (Girard and Garland 2002; Malisch et al. 2007) .
The foregoing observations, in combination with the observation that leptin has been shown to have an overall inhibitory effect on the hypothalamic-pituitary-adrenal (HPA) axis (Ahima et al. 2000) , suggest that HR mice might also differ from controls in leptin expression. Endogenous leptin levels are closely and positively correlated with body mass index (a ratio of mass to the square of body length) in humans (Franks et al. 2003; Yildiz et al. 2004 ) and in mice, rats, and hamsters Bünger et al. 1999) . Studies in other rodents suggest that changes in leptin levels can precede changes in body mass or food intake. In laboratory-maintained woodchucks, serum leptin levels initially increased during periods of body mass gain in late spring and reached peak values in summer during the initial decline in body mass, before decreasing to basal values in winter concomitantly with body weight (Concannon et al. 2001) . In Siberian hamsters, reductions in white adipose tissue during short days coincided with reductions in leptin mRNA expression in adipocytes, but food intake did not change (Demas 2002) . Exogenous administration of leptin in mice generally causes reductions in food intake and body weight, but the response may be altered by method of leptin dosing, strain, and housing (Bowen et al. 2003) . In ob/ob mice, administration of leptin decreases fat mass and increases locomotor activity (Ahima et al. 1999) . Body fat in rat pups was also negatively related to leptin dose delivered via osmotic pumps (Eiden et al. 2001) .
In this study, we compared circulating leptin levels, total body fat, body mass and growth rates, and organ masses in female mice from the HR and control lines. Although other predictions are possible, because of their lower body fat and higher voluntary activity levels, we hypothesized that HR mice would have lower circulating leptin levels than controls.
Material and Methods

Animals
We studied female Hsd:ICR mice (Mus domesticus) from generation 31 of an artificial-selection experiment for high voluntary wheel-running behavior . Four replicate HR lines have been maintained by within-family selective breeding for high wheel running (total distance) on days 5 and 6 of a 6-d exposure to wheels. Four control lines are maintained by breeding without respect to wheel running. In this study, we used females because they run more than males in both HR and control lines (Swallow et al. 1998; Koteja et al. 2003) and because females were used in a previous study of plasma corticosterone levels (Girard and Garland 2002) . Six nonsiblings from each of the eight lines (four HR, four control) were randomly chosen as subjects ( in total). All animals n p 48 came from litters born within 3 d (March 18-20, 2002) , and all were weaned at 21 d as part of the normal husbandry routine. At weaning, pups were toe-clipped for individual identification, weighed, and housed in groups of four by sex until measurement of wheel running. 
Wheel Access and Postwheel Housing
As part of the routine selection protocol (see Swallow et al. 1998) , we placed the study females individually in cages with attached running wheels (1.12-m circumference; Lafayette Instruments, Lafayette, IN) at 49 d of age ( d). range p 48-50 The study females were measured in the same batch and room. Voluntary wheel running was monitored for 6 d as previously described (Swallow et al. 1998) . Wheel revolutions were recorded in 1-min bins by attached photocell counters interfaced with a personal computer through customized software (San Diego Instruments, San Diego, CA). Data collected for each 24-h period included the total number of clockwise and counterclockwise revolutions (revolutions), the number of 1-min intervals with any revolutions (intervals), the average speed ( ), and the maximum number of revolurevolutions/intervals tions for any 1-min interval (maximum speed). Because the trait of selection is the average total revolutions on days 5 and 6 of the 6-d trial, wheel-running traits presented here are the average of days 5 and 6.
Mice were removed after 6 d of wheel access (day 55) and housed singly in regular shoebox cages with side-mounted food hoppers (day 1 of individual shoebox housing). Each mouse was given a weighed portion of food sufficient to allow ad lib. consumption. Water was also available ad lib. At noon on the seventh day of individual shoebox housing (day 61), food hoppers were reweighed to allow estimation of apparent food consumption for the week (Koteja et al. 2003 ). Mice were not handled, and the food hoppers were replaced. The week of home cage housing following wheel access was intended to reduce any acute effects of exercise on leptin levels induced by the great difference in running activity between the linetypes (e.g., see Leal-Cerro et al. 1998 on effects of marathon running in humans; Garland and Kelly 2006) .
Blood Sampling and Body Composition
Mice were euthanized between 1930 and 2156 hours on the seventh day of individual shoebox housing at an average age of 61 d. Beginning at 2 h after lights off, mice were weighed and then anesthetized with isoflurane (Isoflo, Abbott Laboratories, Abbott Park, IL) to cessation of breathing. Body length from nose tip to base of tail was measured to the closest millimeter with a ruler. Mice were killed by terminal exsanguination through a deep incision of the left jugular vein. Blood was collected directly from the jugular vein into a nonheparinized 5-mL syringe and transferred to a chilled centrifuge tube. Serum was separated from whole blood by centrifugation and stored at Ϫ80ЊC until hormone assays. Given this experimental design, we were not able to study possible alterations in the circadian pattern of leptin concentration (e.g., see Jeong et al. 2004 ), and it is also possible that single-point samples would be inadequate to characterize HR-versus-control differences in "average" daily leptin levels. Be that as it may, we find statistically significant correlates of individual variation in leptin levels as well as significant differences between the HR and C lines (see "Results"), which suggests that our samples are adequate for the goals of this study.
Food hoppers were weighed a third time to estimate apparent food consumption in the hours before euthanasia. Apparent food consumption was calculated for the week (total food in g from 1200 hours on day 55 to 1200 hours on day 61) and for the hours before sampling (total food in grams from 1200 hours on day 61 to time of elapsed; coneuthanasia/hours sumption rate then standardized to 8 h), with adjustments for initial and final water content of food.
On the day after euthanasia, mice that had been refrigerated were weighed and dissected, and the wet masses of various organs were recorded: uterus and ovaries (combined), liver, ventricles of the heart (atria were discarded), stomach, small intestine, cecum, and large intestine. The stomach, cecum, and ; see "Material and Methods") was derived from a nested ANCOVA model df p 1, 6 with wheel freeness included as a covariate and traits transformed as indicated. P values are for two-tailed tests.
a Significance level for wheel freeness (square root transformed) as a covariate. b Number of 1-min intervals in which revolutions were 10.
intestines were dissected and rinsed clean of contents before weighing. Skin and fur were not removed from the carcass. Organs were dried to constant mass in a 60ЊC oven, and a dry mass was recorded separately for the organ-free body (carcass including skin and fur), uterus and ovaries (combined), liver, ventricles, stomach, and intestines and cecum (combined). All the organs, except the liver, were combined with the carcass for fat extraction. Fat from the liver was extracted separately. Fat was extracted using petroleum ether (Goldfische apparatus; Labconco, Kansas City, MO), as in Kristan (2002); fat content for each sample was computed by subtraction as (dry mass before extraction minus dry mass after extraction). Liver fat was expressed as an absolute mass and as a percentage of liver dry mass. Absolute body fat equaled the total fat mass of the carcass and organs plus liver fat mass, and the total percentage fat was calculated relative to the total dry mass of the body (i.e., carcass and organs plus liver).
Hormone Analysis
Leptin was assayed in triplicate 100-mL samples of serum using the mouse leptin RIA kit produced by Linco Research (catalog no. ML-82K, St. Charles, MO). The limit of sensitivity of the assay was 0.2 ng/mL at 90% binding. All samples were included in a single assay; percent binding was 53.4%, with intra-assay coefficients of variation of 1.9% and 2.4% for the low-and high-quality control standards, respectively.
Statistical Analysis
Data were analyzed in SAS for Windows (ver. 8.2; SAS, Cary, NC) using nested ANCOVA to compare HR and control linetypes. As in previous analyses of these lines of mice, we applied a mixed model (SAS procedure "Mixed") with linetype as a fixed effect and replicate lines nested within linetype as a random effect. Because, for some traits, it appeared that HR and control lines might differ in variability, we also allowed for different among-line variances for the two linetypes. Covariates were included as appropriate for various dependent variables.
The effect of linetype was tested over the effect of line (df p ). Data were transformed as necessary to improve normality 1, 6 of residuals and linearity of relations with covariates. Serum leptin levels (ng/mL) were log 10 transformed for all analyses. A significance level of was used. Although we hypoth-P p 0.05 esized that leptin concentration would be lower in HR mice than in controls, for simplicity two-tailed tests were used for this and for all other traits. Potential outliers were examined using the test described by Cook and Weisberg (1999) . No data met the strict criteria for exclusion at , although anal-P p 0.05 yses were repeated with the omission of marginally significant outliers. In no case was the outcome of an analysis substantially altered by exclusion of one or more outliers; therefore, results reported below are for the full data set ( mice per linen p 24 type). In preliminary analyses, neither time of day at euthanasia nor the (z-transform of time) 2 were related with leptin levels in any model ( ), and so they were not included in the P 1 0.6 analyses reported here.
Results
Wheel Running
Similar to previous reports , HR females ran about 2.9 times more revolutions per day than controls on days 5 and 6 of the 6-d wheel access trial (days 54 and 55; Table 1 ). This increase in average total revolutions per day was caused mainly by an increase in running speed: average and maximum (1-min) running speeds were 2.7 and 2.0 times higher in HR than in controls, respectively, whereas the number of 1-min intervals with wheel activity did not differ significantly (Table 1 ; see also Fig. 1, bottom) . Wheel-running data for the 48 leptin females were similar to those recorded for generation 31 as a whole (data not shown) and to those obtained for most generations since generation 16 (Koteja et al. , 2003 .
Leptin
As hypothesized, serum leptin levels (ng/mL; log 10 transformed for analyses) were significantly lower in HR lines than in con- (Table 2 ; two-tailed ). Leptin levels ranged P p 0.0059 from 1.5 to 3.5 ng/mL in HR and from 1.6 to 7.3 ng/mL in controls. As would be expected, percent total body fat (as a percentage of total dry mass) was a positive predictor of leptin levels (log 10 transformed) in both linetypes (Fig. 1, top) , yet the linetype difference became even more statistically significant in a model including fat content as a covariate (percent total fat ; linetype ). Leptin levels were also sig-P p 0.0004 P p 0.0036 nificantly predicted by total dry mass (total dry mass P p ; linetype ), which would be expected, given 0.0002 P p 0.0179 the high correlation between total body fat and total dry mass noted above. Leptin levels were not related to liver fat in either absolute (liver fat [g] ; linetype ) or rel-P p 0.3183 P p 0.0055 ative (liver fat [%] ; linetype ) measures. P p 0.9406 P p 0.0064 Leptin level (log 10 transformed) was significantly positively related to the change in body mass from weaning to euthanasia (Fig. 1, middle) Fig. 1, bottom) . P p 0.0866 P p 0.4273 Wheel freeness (an inverse measure of rotational resistance) was never a significant predictor in the simple analyses of wheel running (see above and Table 1 ) and so was not included as an additional covariate in these models.
We also tested for possible relationships between leptin levels .6073
Note. Simple for female mice per linetype. Significance of the linetype (HR vs. control) effect shown was derived from a nested means ‫ע‬ SD n p 24 ANOVA or, for length-or mass-adjusted values, a nested ANCOVA; the significance of body length or at euthanasia on day 61 is indicated log (body mass) 10 when covariates were included in P cov . When necessary, traits were transformed for analysis as noted. P values are for two-tailed hypotheses.
a Partial regression coefficients for body length and body mass were always positive.
and wheel running by adding a wheel-running trait as an additional covariate to a basic ANCOVA model including effects of linetype, percent body fat, and mass change from weaning to euthanasia (see above). No measure of wheel running was a significant predictor in these models (revolutions P p , intervals , mean speed , maxi-0.3189 P p 0.7284 P p 0.1771 mum speed ), and significance of the effects of per-P p 0.1065 cent total fat ( ) and mass change ( ) was similar P ! 0.003 P ! 0.06 to values for simple models without wheel-running traits. When control lines were analyzed separately (with line as a fixed effect), again no measure of wheel running was a significant predictor of log leptin levels. However, when the HR lines were analyzed, we found negative relations with revolutions (P p ), mean speed ( ), and maximum speed 0.0711 P p 0.0223 ( ) but not with intervals ( ). P p 0.0064 P p 0.6052
Body Mass and Composition
HR and control lines did not differ significantly in body mass at weaning (21 d of age); however, as expected from previous Note. Simple for female mice per linetype. Significance of the linetype effect (HR vs. control) was derived from a nested ANOVA means ‫ע‬ SD n p 24 or, for length-or mass-adjusted values, a nested ANCOVA. The significance of body length or at euthanasia, when included, is also indicated log (body mass) 10 (P cov ). Traits were transformed for analysis as noted. P values are for two-tailed tests. studies, HR mice were significantly smaller upon introduction to wheels at 49 d (Table 3) . Growth over the 4 wk from weaning (day 21) to the beginning of wheel access (day 49), calculated as the net change in mass, was 21% lower in HR mice than in controls (
). During the 6-d wheel access trial, change P p 0.0013 in body mass was not significantly different from 0 in either HR or control mice (one-sample t-test, in both cases) P 1 0.2 and also did not differ between linetypes (Table 3) . HR mice maintained a significantly lower body mass than controls when removed from wheels (day 55; Table 3 ). Mass change during the final week of solitary home cage housing (from day 55 to day 61) was not significantly different from 0 in either linetype (one-sample t-test, in both cases) and also did not differ P 1 0.3 between linetypes (Table 3) .
At euthanasia (61 d), body mass in HR mice was 11% lower than in controls. HR mice were also significantly smaller than the controls, as measured by body length at euthanasia: average lengths were 3 mm, or about 3%, lower in HR. Adding body length as a covariate in an ANCOVA eliminated the statistical significance of the linetype difference in body mass at euthanasia (Table 3) .
Total body dry mass was significantly lower in HR mice than in controls (Table 2) . On an absolute basis, wet stomach mass was smaller in HR lines ( ). Other than that, no organ P p 0.0137 mass (wet or dry) was significantly different between HR and control lines either on an absolute basis or in ANCOVA with body mass or length as the covariate (Table 2) .
Total body body mass averaged 28.9% in HR mice fat/dry ( ) and 30.1% in controls ( range p 13.7%-47.1% range p ), a difference that was not statistically significant 18.5%-37.8% (two-tailed ; Table 2 ). Fat content of the liver and P p 0.6073 total body fat, expressed either as absolute mass or as a relative percentage, also did not differ between linetypes. Not surprisingly, total dry mass and total body fat (%) were significantly correlated within linetypes (HR: Pearson's , r p 0.949 P ! ; control: , ). Absolute total body fat 0.0001 r p 0.894 P ! 0.0001 was not correlated with liver fat in controls ( , r p 0.338 P p ) but was positively correlated with liver fat in HR mice 0.1063 ( , ) . r p 0.478 P p 0.0177 Because females were sampled at an age corresponding to development of reproductive maturity, mass of the uterus plus ovaries was used as an indicator of reproductive status. Although neither absolute dry mass nor body mass-adjusted values differed between linetypes, within-linetype relations of uterus-plus-ovaries mass with body fat did differ. Dry mass of uterus plus ovaries was negatively correlated with total body fat (%) in HR mice ( , ) and positively r p Ϫ0.4609 P p 0.0234 correlated with body fat (%) in controls ( , r p 0.4065 P p ). 0.0487
Discussion
General Considerations
Consistent with our hypothesis, serum leptin levels were significantly lower (Ϫ38%, two-tailed ) in females P p 0.0059 from replicate lines of mice that had been selectively bred for high voluntary wheel running (HR lines), as compared with their nonselected control lines (but see Vaanholt et al. 2007 on males at 10 and 18 mo of age). HR mice also tended to have less total body fat (see Table 2 ), but the difference was not statistically significant, unlike the results of our earlier studies (Dumke et al. 2001; Swallow et al. 2001 ). As demonstrated in previous studies of mice, rats, humans, and other mammals (e.g., Bünger et al. 1999; Ajov et al. 2004; Geary 2004; Overton and Williams 2004) , leptin levels were positively correlated with total body fat within both the HR and control lines (Fig. 1,  top) . However, the lower leptin levels of HR mice were not entirely explained by their lower body fat levels. Rather, HR mice still have significantly lower serum leptin levels than controls even after correction for differences in total body fat, and the difference in leptin levels could not be explained by variation in FC either on the day of sampling or during the week before sampling. Leptin levels were positively related to the amount or average speed of wheel running recorded a week before sampling in HR lines but not in control lines.
Our result that genetic selection for high locomotor activity leads to a reduction in circulating leptin levels, partly independent of the amount of body fat, seems inconsistent with results for ob/ob mice, which were reported to exhibit hypoactivity that was ameliorated by leptin administration (Pelleymounter et al. 1995) . However, that study measured activity in a 15-min test in small cages, which may bear little relation to daily activity levels or energy expenditure in either mice or humans. For example, daily wheel-running activity in mice is generally unrelated to behavior in a standard short-term openfield test (Bronikowski et al. 2001 and references therein). On the other hand, mice from our HR lines also exhibit elevated activity in ordinary housing cages without wheel access (Rhodes et al. 2005; J. A. Malisch and T. Garland Jr., unpublished data) . Our results are consistent with a human population study in which plasma leptin and activity levels were negatively correlated in both sexes (Franks et al. 2003) .
We found that serum leptin levels were significantly positively correlated with FC in the week before leptin sampling even when percent body fat was included in the ANCOVA model (percent body fat ; FC week ; linetype P p 0.0161 P p 0.0472 ) but not if body mass was also included in the P p 0.0033 model (body mass ; percent body fat ; P p 0.5559 P p 0.0380 FC week ; linetype ). The positive rela-P p 0.1516 P p 0.0180 tionship between leptin and FC is the opposite of what one would expect based on the previously accepted view that leptin functions primarily as a lipostatic signal to the CNS to inhibit food intake (e.g., Halaas et al. 1995; see "Introduction") . Importantly, the positive correlation between FC and circulating leptin levels was apparent in both HR and control mice, although it was slightly weaker in the former (Pearson's r p , and , , respectively). In 0.351 P p 0.0926 r p 0.513 P p 0.0104 any case, this positive relationship is another example of how population-level studies of "normal" animals (including human beings) may yield results quite different from those that employ animals pathologically deficient in leptin function (see also Franks et al. 2003) .
Taken together, our results suggest that selective breeding for high locomotor activity has altered the relations among body fat, circulating leptin levels, FC, and locomotor activity. In principle, this correlated response to selection could be caused by various changes in the leptin pathway, including alterations in the average size or number of adipose cells, leptin secretion rate, leptin clearance rate, amount of binding protein, and sensitivity of receptors. Further studies will be required to discriminate among such possibilities.
Whatever the underlying mechanism, alteration of leptin physiology might be related to other changes that have been observed in the HR lines, including their smaller body size (see also Malisch et al. 2007 regarding the possible relation with corticosterone levels) and reduced body fat compared with controls. The linetypes diverged in body mass during the weeks after weaning, when HR growth rates were only 79% of those of controls. This reduced growth rate may reflect energy intake rates insufficient to match the additional energy expenditures in growth and activity. In calorie-restricted mice, leptin administration (via daily intraperitoneal injections) preserved longitudinal growth by correcting the growth deficiency in the tibia of semistarved mice (Gat-Yablonski et al. 2004 ). In exercising HR mice, reduced leptin levels thus may play a role in their reduced linear dimensions. HR females also demonstrate chronically elevated corticosterone levels when housed both with and without wheels (Girard and Garland 2002; Malisch et al. 2007) , and corticosterone-leptin interactions have been demonstrated in both rats (Yildiz et al. 2004; Coppola et al. 2005 ) and mice (Jeong et al. 2004) . Although administration of glucocorticoids via osmotic pumps results in elevated leptin synthesis (Ahima and Osei 2004) and peripheral administration of corticotrophin-releasing hormone (CRH) restores normal leptin expression in CRH-deficient mice (Jeong et al. 2004) , the relation of the two hormones is likely complex and nonlinear. In any case, our previous finding that HR lines have elevated circulating corticosterone levels lends support to the hypothesis proposed by Jacobson (2005) that leptin and the HPA axis may work together as a metabolic-neuroendocrine feedback loop that controls fat storage.
HR Mice as a Novel Model for Studying the Physiology of Leptin
Although the general evolutionary role of leptin has received virtually no attention, its role in obesity is under intense scrutiny. Mouse and rat models used in leptin studies include the ob/ob mouse, the obese C57bl/6J mouse (Lin et al. 2000a (Lin et al. , 2000b , the diabetic db/db mouse, the obese spontaneously hypertensive rat, and the Zucker fatty rat. The most widely used animal model, the ob/ob mouse, represents the extreme case of a total absence of leptin because it is homozygous for the leptin gene (Lep) mutation. Ob/ob mice do respond to exogenous leptin administration, and leptin treatment can reverse the symptoms associated with obesity in these animals. Diabetic db/db mice have a mutation in the gene coding for the transmembrane leptin receptor (LEPR): these mice are hy-perphagic and morbidly obese and do not respond to leptin administration (Chen et al. 1996; Lee et al. 1996) . Obese, spontaneously hypertensive rats (SHROB or Koletsky) lack all cell surface LEPRs. SHROB rats have very high plasma leptin levels but appear to be resistant to both endogenous and exogenous leptin (Wu-Peng et al. 1997) . Zucker fatty (fa/fa) rats also exhibit a mutation in LEPR resulting in a reduction in receptor expression and leptin binding. In contrast to db/db mice and obese hypertensive rats, partial functioning of leptin receptors allows fa/fa rats to respond to high doses of exogenous leptin (Cusin et al. 1996) .
Most existing animal models used to study leptin function shown some striking differences with human beings. For example, leptin gene and receptor mutations appear to be rare in human beings (Ahima and Osei 2004) . A deletion mutation has been identified in members of a Pakistani family (Montague et al. 1997) , and a missense mutation has been identified in a Turkish family (Ozata et al. 1999; Rau et al. 1999 ). Members of a French family have a substitution mutation in the gene coding LEPR, leading to a nonfunctional mutant receptor lacking transmembrane and intracellular domains (Clement et al. 1998) . Although affected humans in all three families suffer from hyperphagia and morbid obesity, leptin gene and receptor mutations clearly are not involved in the overwhelming majority of human obesity cases (Ahima and Osei 2004) . Moreover, although studies of the relation between leptin and physical activity in human populations are rare (see recent review by Popovic and Dunlas [2005] ), Franks et al. (2003) found that plasma leptin and physical activity energy expenditure (ratio of total energy, expenditure to basal metabolism rate, computed on a daily basis) were negatively correlated in both sexes. This differs from the apparent relation in ob/ob mice, which have been reported to exhibit hypoactivity that is normalized (increased) by leptin treatment (Pelleymounter et al. 1995) but is consistent with our finding that HR mice have reduced leptin levels.
In conclusion, HR mice clearly show promise as a model for studying the causes and consequences of physiologically relevant variation in circulating leptin levels, and a number of areas for future research are apparent. For example, it will be important to examine relations between circulating leptin levels and other physiological and behavioral traits in both sexes (see also Vaanholt et al. 2007 ) because sex differences (including interactive effects between sex and housing conditions) have been documented for a variety of traits that may be interrelated with leptin function, including amount and average speed of wheel running, body mass, food consumption, and maximal oxygen consumption (e.g., Swallow et al. 1999 Swallow et al. , 2001 Rezende et al. 2006b ). Simultaneous measurement of leptin levels in mice that never had wheel access and quantification of differences in home cage activity could elucidate the relations of leptin and activity levels per se. Finally, it would also be important to conduct longitudinal studies in which leptin is administered to HR mice to increase levels to those of the control lines.
